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Abstract

Accelerated lifetime tests were performed on double-mesa structure Sig7Geo3/Si npn
heterojunction bipolar transistors, grown by molecular beam epitaxy, in the temperature
range of 175°C-275°C. The transistors (with 5x20 p.m2 emitter area) have DC current
gains ~ 40-50 and ft and fy,x of up to 22 GHz and 25 GHz, respectively. It is found that
a gradual degradation in these devices is caused by the recombination enhanced impurity
diffusion (REID) of boron atoms from the p-type base region and the associated
formation of parasitic energy barriers to electron transport from the emitter to collector
layers. This REID has been quantitatively modeled and explained, to the first order of
approximation, and the agreement with the measured data is good. The mean time to
failure (MTTF) of these devices at room temperature under 1.35 x10* A/cm? current
density operation is estimated from the extrapolation of the Arrhenius plots of device
lifetime versus reciprocal temperature. The results of the reliability tests offer valuable
feedback for SiGe heterostructure design in order to improve the long-term reliability of
the devices and circuits made with them. Hot electron induced degradation of the base-
emitter junction was also observed during the accelerated lifetime testing. In order to
improve the HBT reliability endangered by the hot electrons, deuterium sintered
techniques have been proposed. The preliminary results from this study show that a
deuterium-sintered HBT is, indeed, more resistant to hot-electron induced base-emitter
junction degradation.



1. INTRODUCTION

The rapid progress of Si/SiGe heterojunction bipolar transistor (HBT) technology
has made Si-based devices very attractive for microwave applications. Among the
existing SiGe technologies, Si/SiGe/Si HBTs have been most widely studied [1]-[5]
owing to the advantage in material characteristics, such as the near-zero conduction band
offset between Si and strained SiGe layers, which is preferred for npn HBT applications.
The use of a smaller bandgap SiGe alloy in the base of the HBT increases the efficiency
of minority carrier injection. This results in an increase of collector current and current
gain even though the base doping is high. The high base doping yields a smaller base
resistance, which in turn leads to high maximum oscillation frequency fmax, high Early
voltage and low noise figure. However, the p-n junctions in a HBT must be well defined
and coincident with the heterojunctions. Base dopant outdiffusion during epitaxy and/or
during device processing and operation shifts the location of p-n junctions, usually
resulting in the formation of parasitic energy barriers near the base-emitter and base-
collector junctions, which can significantly reduce the current gain and cutoff frequency
(61, [71.

Device performance is a function of time in general, since the device performance
parameters are liable to change, gradually or abruptly, as the operation time accumulates.
Therefore, excellent performance observed during the initial measurement on a device
does not necessarily guarantee long-term reliability. For the Si/SiGe HBT technology to
be a choice for commercial radio frequency integrated circuits the long-term reliability of
Si/SiGe HBTs has to be proven and, to our knowledge, very limited report on this subject
exists in the literature. Neugroschel er al [8] have investigated the time-to-failure of GeSi
bipolar transistors with current-acceleration method in which base-emitter reverse-bias
stress was applied at room temperature. While this method can significantly accelerate
the degradation of devices and is effective for observing the device degradation caused
by hot carriers, it is not suitable for evaluating the device degradation caused by atomic
diffusion. Another investigation, on the effects of base-emitter reverse-bias stress on the
cryogenic operation of SiGe HBTs, has been reported by Babcock et al [9]. Specially
tailored techniques are required to evaluate the long-term reliability of devices since it
takes impractically long times to observe any appreciable degradation in the device
performance under normal operating conditions. The long-term reliability can be most
effectively evaluated by accelerated lifetime testing (ALT), i.e., measuring the device
lifetime at elevated temperatures under normal bias conditions [10]-[12]. Unlike the
current-acceleration method used by Neugroschel er al [8], this ALT method resembles
the real operating condition of HBTs. By extrapolating the HBT lifetimes at high
temperatures from the Arrhenius plot, the mean time to failure (MTTF) of the device at
room temperature can be estimated. The extrapolation is based on the assumption that
the degradation mechanism remains unchanged over the entire temperature range of
testing and the same activation energy applies. The common sources of device
degradation are diffusion of dopants, dielectric breakdown, surface or interface ion
migration, metal contact degradation, electromigration of metal lines, etc. In particular,
boron outdiffusion is one of the major concerns in the context of thermal budget in the



fabrication and operation of SiGe/Si HBT, as it leads to the degradation of critical device
parameters as mentioned above [7]. The accelerated lifetime test can be used as an
effective tool to identify the source of degradation. Additionally, analysis of the failure
mechanism can offer valuable feedback on the design of device structures for long-term
reliability of the devices and circuits.

In this study, it has been found that forward-bias electrical-thermal stress can
induce boron-outdiffusion and associated degradation for double-mesa structure npn
Si/SiGe HBTs. The degradation behavior has been quantitatively modeled, to the first
order of approximation. The device failure mechanism has been analyzed and its impact
on device heterostructure design for improvement of long-term reliability is discussed.
In what follows, the experimental techniques are described in Section 2. The
experimental results of the accelerated life-time testing will be presented and analyzed in
Section 3. The REID model based on low-level injection theory is presented in Section
4. The comparison of hot-electron reliability between deuterium-sintered SiGe/Si HBT
and the control HBT will be presented in Section 5 and the important results are
summarized in Section 6.

2. EXPERIMENTAL TECHNIQUES

The HBTs used in this testing are grown by solid-source MBE. The devices (Fig. 1)
have a 30 nm boron doped Sip;Geg 3 base layer with two undoped Sip;Geg3 spacers of
thickness 5 nm on each side of it. Antimony was used to dope the emitter and collector
layers. The epitaxial heterostructures are fabricated into mesa type devices with 3x20
um? emitter size, using standard photolithography and wet and dry etching techniques.
Details of these procedures have been described in Ref.13. The schematic cross-section
of a finished HBT is shown in Fig. 2. The measurement setup used for the lifetime test is
briefly described. The device under test (DUT) was placed on a temperature-controlled
hotplate and biased with collector-emitter voltage Vce and base current Iz in the
common-emitter configuration. Vcg, supplied by a Keithley 230 voltage source, was
fixed at 3 V, while Ip, supplied by a Keithley 220 current source, was feedback-
controlled by computer to maintain a constant collector current I¢c of 13.5 mA, which
corresponds to a current density Jc of 1.35 x10* A/cm?® and dissipated DC power Pg;ss of
40.5 mW. It is necessary to maintain a constant collector current level, which can vary
with a fixed base current due to the possible degradation of the current gain during the
test, in order to keep a constant electrical stress condition throughout the entire duration
of each test run. A HP2378A multimeter was included to monitor the collector current
levels so that the base current could be adjusted by feedback-control in case of deviation
from the acceptable range. The multimeter was also used to display the actual value of
Ve applied to the devices. The test was performed without any interruption, the bias
being applied to the devices continuously till they stopped operating. Post-stress
measurements were then made. Identical devices on the same wafer, which were only
subjected to thermal stress without any electrical stress during each test run are classified
as control devices and post-stress measurements were also performed on these devices.
The lifetime tests were performed for several different hotplate temperatures, ranging
from 175 °C to 275 °C. The corresponding junction temperatures, Tj, equal to 189.2 °C
and 289.2 °C, respectively, and all temperatures in between were calculated by the
expression,
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Figure 1.Schematic of Si/SiGe HBT, in which the As-doped subcollector layer is grown
by CVD and the rest of the heterostructure is grown by MBE.
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Figure 2. Schematic cross-section of a double mesa self-aligned Si/SiGe HBT.
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where Py is the power dissipation, Ry, is the thermal resistance, and Tymp 1S the ambient
temperature. The thermal resistance of the test device was extracted by the procedure
outlined in Ref. 14. After Vg is measured as a function of DC power dissipation with
increasing Vcg and a fixed Ic at room temperature, Vgg is measured as a function of
temperature with both Vcg and Ic fixed. The two plots are then combined and a relation
between the temperature and the DC power dissipation is obtained. The slope of this plot
corresponds to the thermal resistance Ry, which was 350 °C/W in this case. It is assumed



in this calculation that the hotplate temperature is close to the junction temperature of the
device, which is the case for the soft bias used in the measurements.

The acceleration of base-emitter junction degradation was performed by applying
a reverse bias (Vgg= -3.5 V) on the base-emitter junction and a forward bias (Vpc = 1.2
V) on the base-collector junction, as proposed by Neugroschel [8] so that a much larger
hot electron stream can be applied across the base-emitter junction. This acceleration
scheme is called current acceleration and it was performed at the room temperature. The
degradation of the device was monitored with the measurement (under Vgg = 0.65 V and
Vce = 4V) of DC current gain, 3, at a certain time interval. Two identical devices were
tested with one subjected to deuterium sintering and the other without any sintering as the
control device.

3. RESULTS AND ANALYSIS

It has been observed that the DC current gain, P, increases initially with time,
which originates from the reduction of recombination in the base region due to the
elimination of interface states and the improvement of ohmic contacts by annealing [10],
[11]. After that B decreases continuously with stress time, with a faster reduction at the
initial and the final stages than in the intermediate stage. This behavior is analyzed and
discussed in Section 4. Figure 3 shows a typical degradation behavior for the tested
HBTs. The constant collector current and the step-like increase of base current are
manifestations of the feedback control. The apparent failure of the devices is
characterized by a zero B value at the end of the tests as a result of negligible collector
current after the test. The base-emitter and base-collector junction characteristics were
measured after the test and compared with those measured before. The measured results
for the Tj=204.2 °C case are shown in Fig. 4. The reverse-biased leakage current of the
base-emitter junction shows an increase after the stress test. The increase in current is
also observed in the low forward bias range (below 0.7 V). An increase in leakage
current across the base-emitter junction after electrical stress tests is commonly observed
in both Si BJTs [15]-[18] and GaAs/AlGaAs HBTs[19]. It is believed to be caused by
interface states created by hot electrons [9], [15]-[18] at the base-emitter junction
sidewall. Furthermore, an extra leakage component can be present if the diode ideality
factor is greater than 2. This originates from hot-electron damage at and tunneling
through the dielectric layer separating the base and emitter contact regions [9]. The
ideality factor of the base-emitter junction in the devices were indeed greater than 2 after
the stress, and therefore the additional tunneling component is expected to contribute to
the total base-emitter leakage current. The reverse leakage current for the base-collector
junction, on the other hand, showed a decrease after the stress was applied. This decrease
is attributed to the reduction in generation current in the base-collector space charge
region as a result of thermal annealing during the stress test [19]. The S-parameters were
also measured before and after the test. While the device exhibited high fr and fmax
values before the test, these parameters could not be measured after the test, indicating
that fr and fux were decreased to lower than 2 GHz, the lower frequency limit of the test
equipment. The rapidly decreasing values of the measured P near the end of each testing
cycle are a manifestation of the measurement technique. As described in Section 2, we
have used the common-emitter biasing mode for the lifetime tests. With a decrease of



DC current gain, the feedback control will increase the base current by increasing the
base-emitter bias voltage Vgg in order to keep the collector current constant. The
increase of Vgg will accordingly decrease the reverse bias voltage Vcp available to the

90 T T T T T 1.2
. 0.6
=224.2
75 c 04— - 1
5 —
JC=1 3.5kA/cm 0.2 g
60 |- -1 0.8
0

0
312 316 320 @

45 '&\B Time (hr) 106 ’g
© 30 | I ) 1 0.4

(mA), B

15 O™ e el S T m e sy T an Gwe smm SN WP WES e _0.2
0 | | [ | | 0
0 60 120 180 240 300 360
Time (hr)
Figure 3. Typical degradation behavior for a SiGe/Si HBT.
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Figure 4. Base-emitter and base-collector junction diode characteristics before and after
accelerated lifetime testing. Increased leakage current develops at base-
emitter junction in reverse and low forward bias regimes. The reverse bias
leakage current at base-collector junction is reduced.



base-collector junction, since the collector-emitter bias Vce is fixed at 3 V. Decrease of
Vep will expedite further decrease of the current gain.  As a consequence, Vgg will be
shifted to even higher values and it finally reaches the pre-set limit of 2 V (measured by
Keithley 230 voltage source).At this point, the base current will not be changed and the
degradation of DC current gain will cause the continual decrease of collector current, till
it reaches a negligible value. At a higher base-collector bias, there should still be some
current gain. In order to verify this measurement artifact near the end of the tests,
measurements were made on the devices after the test, wherein the HBTs was biased in
common-base mode, such that the base-emitter and base-collector biases can be varied
independently. Figure 5 shows the DC current gain versus collector-base voltage of a
typical device at different base-emitter bias conditions. It can be seen from this figure
that if the base-emitter bias is very small, the collector current is always negligible,
regardless of the base-collector bias, Vcg. Also, the B values are very small even at
higher values of Vgg.

The gradual decrease of P seen in Fig. 3 is considered to be the result of boron
outdiffusion and the associated formation of parasitic energy barriers [6], [7]. As boron
outdiffuses from the Si;.xGex base layer into the Si emitter and collector layers, the p-n
junctions move from the Si/SiGe heterojunctions into the Si layers, which broadens the
actual base width. Since Si has a wider bandgap and lower intrinsic carrier concentration
than Si;.,Ge,, parasitic energy barriers will be formed near the base-emitter junction and
turn-on voltage of the diode should be increased [19]. Figure 6 shows the forward
Gummel plots of an HBT before and after a stress test at T;=204.2 °C. In addition to the
development of a base leakage current after the test, the collector current Ic profile is
shifted to higher Vgg values, indicating the increase of device base-emitter turn-on
voltage. The shift of Vg was measured to be 50 mV at a collector current of 1uA. The
low current value avoids the effect of series resistances [19]. Similar results were
obtained from the reverse Gummel plots (emitter current Ig shifted to higher Vpc values).
The increase of the turn-on voltages can only be caused by boron outdiffudion. The
Gummel plots measured on the control devices, which are only subjected to thermal
stress without electrical stress, do not show the increase of turn-on voltage. The testing
termperatures (up to 289 °C) are too low to induce thermally activated boron diffusion.
The current gain measured on the control device for each test run shows negligible
change after prolonged thermal stressing. Defining 50% f degradation as the failure
criteria, the MTTF was found to be 1.9x107 hours with an activation energy of 0.77 eV.
The Arrhenius plot of the lifetimes versus reciprocal of test temperatures is shown in Fig.
7.

4. DIFFUSION MODEL FOR GRADUAL DEGRADATION

Since boron outdiffusion occurs during the testing, a further step was taken to
analyze the outdiffusion-related gradual degradation behavior with a simple diffusion
model as outlined below. All the analysis is based on low-level injection theory, since
the base-emitter bias during the gradual B degradation is about 0.6-0.7 V.

In a npn SiGe HBT, the collector current density J¢c, assuming absence of hot-
electron effects, can be expressed as [23], [24]:
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Figure 6. Gummel plots of a SiGe/Si HBT before and after accelerated lifetime testing.
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where Wg is the neutral base width, Vgg is the base-emitter voltage, p(x) is the base
doping, Dy(x) is the minority carrier diffusion coefficient and n;(x) is the intrinsic carrier
concentration of SiGe base, respectively. Assuming that the base current is generated

Ve

only by hole injection from base into emitter, it is modeled as [20] J, = J e ¥ and the
analytical current gain takes the form:
-1
J W X
p=te- | PO g 3
Jp g n; (x)D,(x)
For simplicity, it is assumed the germanium and boron profiles in the base region are

box-like, as shown in Fig. 8 [6]. Therefore, expanding the integral in Eqn. 3 to include
the out-diffused regions, we get,
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=— _ ————dx — Y dx 4
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where AW, and AW,. are outdiffused region widths, as shown in Fig. 8. In this analysis

it is assumed that the dopant atoms are fully ionized, i.e., p(x)=Na, over the base and out-
diffused regions and the diffusion coefficient D,(x) is also constant over this region. If
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Figure 8. Model for boron outdiffusion from base layers into adjacent emitter and
collector layers due to electrical-thermal stress.

the parasitic energy barriers caused by the boron atom outdiffusion from base to both
emitter and collector regions are AE, and AE,, respectively, Eqn. (3) can be rewritten

as:

-1
2,00 AE} AE;
= gD, n; (SiGe) L+ AW, A AW, A 5)
WB]BONA WB WB
Assuming that no boron outdiffusion has occurred at the onset of accelerated lifetime
D,n}(Si . :
testing, then S = g, =q——"M at t=0, and therefore the normalized current gain
WBJBONA
degradation due to outdiffusion-induced base width broadening can be expressed as
14 {s —l
AW, 2 AW, 2
_[_3_= 1+ EoiT 4 C g (6)
ﬁo WB WB

This equation is used to analyze the measured degradation of current gain B with stress
time. In this work it is assumed that AW5=AWC=AL=,/DSI , where Dy is the effective

boron diffusion constant and t is the stress time. Thus the desired P(t) relation is

obtained. D; can be expressed as [21]
E,
D, =D® + D Lo (7
5 l I n
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where D® and D" are the diffusion coefficients of boron-neutral-point-defect pairs
and of boron-positively-charged-point-defect pairs, respectively. Ea is a bandgap and
doping related activation energy. Originally, values of D and D at our testing
temperatures were extrapolated from those obtained in the literature [21] in this analysis.
However, it is noted here that the diffusion coefficient, D", is enhanced by a factor of

10® under bias conditions. Similar results were reported in the reliability tests of Be
doped GaAs Esaki tunnel diodes [22]. The values of AE; and AE; are computed from

the changes in Fermi levels produced by the boron outdiffusion. The decrease in the Si;.
x«Gex bandgap, AE,, with composition is calculated from [23], [24], AE,=0.85x. Finally,

it is important to note that the heavy doping level in the base and out-diffused regions
will cause bandgap narrowing, which can be approximately expressed by the empirical

1
The calculated variation of current gain with stress time is shown in Fig. 9
alongside measured data for several stress temperatures. The agreement of the calculated
results at the initial and the intermediate stages of each test run is fairly good, indicating
that the device degradation at each testing temperature is due to boron outdiffusion. As
mentioned before, the failure at the end of a test run is defined by different processes.

equation [25], [26], AE] = E, ln(%), where E,=18 meV and N,=10"" cm™.

In formulating the diffusion model described above and utilizing it to analyze our
data, it was found that the diffusion coefficient of boron-positively-charged-point-defect
pairs (D) was enhanced by 6 orders under bias conditions. This anomalous behavior of
the boron dopant is attributed to recombination-enhanced impurity diffusion (REID),
which is reported in Be-doped GaAs [22]. For boron-doped npn Si/Si;.xGe,/Si HBTs
under forward active bias, electrons are injected from the emitter into the base. A
fraction of the injected electrons will be captured by traps and recombination centers.
The excess energy of the electrons is released non-radiatively and transferred to boron
atoms, thereby enhancing their vibration and diffusivity. Because of the high efficiency
of the non-radiative energy transfer, the enhancement of boron diffusivity should be more
significant than thermally activated diffusion. This explains why a control device, under
the same thermal stress but without electrical stress, shows negligible DC current gain
degradation.  Similar results were reported from reliability tests on Be-doped
GaAs/AlGaAs HBTs [19]. It is also appropriate to expect a more rapid degradation of
Si/Si, xGe,/Si HBTs at higher stress current levels.

The reliability study offers valuable feedback to device heterostructure design. In
practical applications, devices are usually driven at high current density for the purpose
of obtaining high speed or high power. In order to minimize Si/Si;.Ge,/Si HBT
degradation under such operating conditions, it is imperative to reduce or eliminate
recombination-enhanced dopant outdiffusion from the base. In this context, a SiGeC
base region in npn Si/Si;.«Ge,/Si HBTs might perform better since it has been reported
that carbon can successfully reduce boron outdiffusion at elevated temperatures [27]. A
self-aligned mesa structure can reduce the parasitic base resistance. However, if the
separation between emitter and base contact regions is too small, the dielectric



passivation in between may be cause for concern. In reality, a trade-off exists between
HBT performance and long-term reliability issues.
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Figure 9. Measured (solid lines) and calculated (dashed lines) normalized current gain of
Si/SiGe/Si HBTs as a function of stress time for different junction
temperatures.

5. HOT-ELECTRON RELIABILITY IMPROVEMENT OF SiGe/Si HBT’S BY
DEUTERIUM-SINTERING

In order to find the best biasing conditions for (hot-electron) current acceleration
of SiGe/Si HBTs, the device was measured with the method proposed by Neugroschel [8]
(Fig.10). A safety margin has to be provided to avoid device breakdown during the
testing while the maximum accelerating hot-electron stream should be supplied in order
to reduce the testing time. With these considerations a Vgg =-3.5 Vanda Vpgc = 1.2 V
are selected, resulting a Vcg = 4.7 V, which is 0.5 V lower than the breakdown voltage,
BVceo = 5.2 V. The initial hot electron current passing through the reverse-biased base-
emitter junction is 18.7 mA, which is several orders higher than the actual hot-electron
current when a fresh device is under normal operation. This hot electron current was
monitored during the stress testing. The current profile is shown in Fig. 11. The step-
like current jump is due to the interruption of the measurement (under forward bias, Vg
=0.65V and Vg = 4 V) of the DC current gain. Whenever the stressing was paused for
measurement, part of the damage induced by hot electrons can be recovered. Once the
stressing process is resumed, the hot-electron current level will be recovered within a
short time as if the interruption did not exist. This is the typical phenomenon observed in
hot-electron induced reliability testing and it has been reported in Ref. [18] and [19].
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Two identical devices were tested with the same initial accelerating current: one device
was subjected to deuterium sintering and the other was not subjected to any sintering.
The normalized DC current gain degradation of these two devices (measured at the same
bias conditions) is shown in Fig. 12.
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Figure 12. DC current gain degradation with time for two identical SiGe/Si HBTs: square
mark shows the SiGe/Si HBT (control device) which was not subjected to any
sintering before testing and the triangle mark show the one which was
subjected to deuterium sintering.

Since the control device was not subjected to any sintering before the test, the current
gain degradation profile does not show a monotonic drop and the initial increase of gain
is due to the annealing effect resulted from the heat generation by the current. After that
a continuous drop of B is observed. On the other hand, the degradation of B for the
deuterium-sintered device shows a monotonic drop because of the sintering process.
Regardless the annealing effect in the control device, the degradation of the control
device is still at a faster rate than the one sintered in deuterium after the initial B increase
stage, indicating that the SiGe/Si HBT which is subjected to deuterium sintering is more
resistant to hot-electron induced degradation. The role of deuterium in the reliability
improvement of the SiGe/Si HBT lies in its heavier mass than hydrogen. Since hydrogen
always exists during the device growth and fabrication, the dangling bonds at the
interface between the Si/SiGe and the passivation layers (SiO;) are usually passivated by
hydrogen atoms. These hydrogen-passivated dangling bonds can be damaged by hot
electrons and an extra conducting path can thus be generated along the interface as a
manifestation of high leakage current across base-emitter junction. For double-mesa type
HBTs, the hot electrons are mainly generated at the comer between the emitter sidewall
and the exposed base layer since high electric field exists in this area. A deuterium
sintering process can replace the hydrogen atoms with deuterium atoms. Since deuterium

15



atoms are heavier than hydrogen atoms, they are more difficult to be removed by hot
electrons and hence the degradation rate of the current gain becomes slower.

6. CONCLUSIONS

A detailed study of forward-bias electrical-thermal stress induced degradation of
Si;xGe,/Si HBTs is presented. From the extrapolation of the Arrhenius plots of device
lifetime versus reciprocal temperature the mean time to failure (MTTF) of these devices
at room temperature, under 1.35 x10* A/cm? current density operation, is estimated to be
1.9x107 hours with activation energy of 0.77 eV. In these devices the gradual
degradation and eventual failure are mainly caused by recombination enhanced boron
outdiffusion from the base layer. Good agreement of the gradual degradation behavior is
obtained with calculated results based on an analytical model which takes into account
base dopant outdiffusion and the associated formation of parasitic energy barriers. Hot-
electron reliability improvement of SiGe/Si HBT has been achieved by deuterium
sintering.
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